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Abstract—Load-bearing soft tissues predominantly consist of
collagen and exhibit anisotropic, non-linear visco-elastic
behavior, coupled to the organization of the collagen ﬁbers.
Mimicking native mechanical behavior forms a major goal in
cardiovascular tissue engineering. Engineered tissues often
lack properly organized collagen and consequently do not
meet in vivo mechanical demands. To improve collagen
architecture and mechanical properties, mechanical stimula-
tion of the tissue during in vitro tissue growth is crucial. This
study describes the evolution of collagen ﬁber orientation
with culture time in engineered tissue constructs in response
to mechanical loading. To achieve this, a novel technique for
the quantiﬁcation of collagen ﬁber orientation is used, based
on 3D vital imaging using multiphoton microscopy com-
bined with image analysis. The engineered tissue constructs
consisted of cell-seeded biodegradable rectangular scaffolds,
which were either constrained or intermittently strained in
longitudinal direction. Collagen ﬁber orientation analyses
revealed that mechanical loading induced collagen alignment.
The alignment shifted from oblique at the surface of the
construct towards parallel to the straining direction in deeper
tissue layers. Most importantly, intermittent straining im-
proved and accelerated the alignment of the collagen ﬁbers,
as compared to constraining the constructs. Both the method
and the results are relevant to create and monitor load-
bearing tissues with an organized anisotropic collagen
network.
Keywords—Mechanical straining, Collagen orientation,
Tissue engineering, Multiphoton microscopy.
INTRODUCTION
Load-bearing soft tissues have a well structured
extracellular matrix, organized to perform the tissues’
specialized functions. This extracellular matrix (ECM)
is synthesized and organized by the cells under the
(guiding) inﬂuence of external stimuli, such as tissue
loading directions. It is composed of a network of
ﬁbrous proteins, predominantly collagen and elastin,
embedded in a gel of proteoglycans, glycoproteins, and
water. Collagen serves as the main load-bearing com-
ponent of the matrix, whereas the elastin ﬁbers give the
tissue its resilience. Load-bearing tissues in general
exhibit anisotropic, non-linear visco-elastic behavior,
which is strongly dictated by the extracellular matrix
organization, in particular the collagen ﬁber organi-
zation. In native heart valve leaﬂets, for example,
collagen ﬁbers are oriented primarily in the circum-
ferential direction, resulting in stiﬀer and less extensi-
ble tissue in circumferential than in radial direction.
Likewise, other cardiovascular tissues, such as blood
vessels and pericardium, display similar complex
(biaxial) mechanical properties, related to the partic-
ular collagen organization within these tissues.
Mimicking the native structural organization and
hencebiomechanicaltissuebehavior,formsamajorgoal
in cardiovascular tissue engineering, in particular when
creating tissues with high biomechanical demands, such
as blood vessels or heart valves for systemic, high pres-
sure applications. In its most successful paradigm, car-
diovascular substitutes are engineered in vitro by using
fast-degrading scaffolds, seeded with autologous myo-
ﬁbroblasts.
20,32 The so-obtained constructs were cul-
tured in bioreactors under conditions that favor the
production of de novo extracellular matrix components
by the cells, including collagen ﬁbers. However,
these engineered tissues often lack sufﬁcient amounts
of properly organized matrix components and
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1263consequently do not meet in vivo mechanical demands.
To optimize the collagen architecture and hence
improvethemechanicalpropertiesofengineeredtissues,
mechanical conditioning strategies are crucial.
22,27,39
Mol et al., for instance, demonstrated that enhanced
(anisotropic) mechanical properties can be obtained in
tissue-engineered heart valves by conditioning with
dynamic straining.
28 These results may be attributed to
an upregulation of remodeling enzymes,
1,38 growth
factors,
6 and matrix production,
3,16,33 but also to
an improved collagen organization due to mechanical
loading. Nevertheless, quantitative relationships
between mechanical conditioning and resulting tissue
structure and mechanical properties have not been fully
established yet, mainly because of a lack of adequate
tissue model systems and measurement techniques.
The eﬀect of diﬀerent mechanical loading condi-
tions on the collagen organization in engineered tissues
has been studied using elastic scattering spectros-
copy,
25 microscopic elliptical polarimetry,
42 and small
light scattering.
15 In simple geometries of cell popu-
lated collagen gels, it was demonstrated that uniaxial
constraints induced anisotropic collagen orienta-
tion,
8,25 whereas biaxial constraining resulted in iso-
tropic orientations.
41 Comparable results were found
by Cox et al. in engineered cardiovascular tissues based
on cell-seeded biodegradable scaffolds.
9,10 In collagen
based tissue-engineered heart valves, the application of
speciﬁc mechanical constraints led to commissural
alignment of the collagen ﬁbers.
29 However, the mea-
surement techniques used in these studies only monitor
global collagen orientation, and do not provide three-
dimensional information throughout the sample.
Although the importance of a detailed description of
collagen ﬁber orientation in the mechanics of load-
bearing structures is widely recognized, 3D collagen
ﬁber orientations have not yet been quantiﬁed and
studied in response to mechanical loading in engi-
neered tissues.
In this study a novel method for the quantiﬁcation
of collagen orientation, consisting of a combination of
vital multiphoton imaging and mathematical algo-
rithms, is applied to engineered tissues to study the
eﬀects of mechanical conditioning on the evolution of
collagen orientation in time as a function of tissue
depth. Cell-seeded biodegradable rectangular scaﬀolds
were constrained or intermittently strained in longitu-
dinal direction. Intermittent straining regimes were
demonstrated to be favorable in terms of cell prolif-
eration,
2,45 matrix production,
7 collagen cross-link
density,
4 and mechanical properties,
34 as compared to
continuous straining. In addition, intermittent strain-
ing was shown to result in stronger tissues in shorter
culture periods in engineered heart valve tissue.
35
Apart from this, we hypothesize that the improved
mechanical properties of the engineered tissues, when
exposed to intermittent loading during culture, is also
attributed to an improved and accelerated (aniso-
tropic) collagen organization. Therefore, the present
study extends the analyses of these engineered tissues
by quantifying the collagen ﬁber orientation from
three-dimensional multiphoton images of the collagen
organization after 2, 3, and 4 weeks of culture of both
the constrained and intermittently strained tissues.
MATERIALS AND METHODS
Tissue Culture and Mechanical Conditioning
The methods of scaﬀold preparation, cell culture,
seeding, and mechanical conditioning have been
described previously.
35 In brief, human saphenous vein
myoﬁbroblasts (p7) were seeded using ﬁbrin as a cell
carrier onto rectangular strips (35 9 5 9 1 mm) of
non-woven polyglycolic acid scaffolds, coated with a
thin layer of poly-4-hydroxybutyrate.
20 In the longi-
tudinal direction, the scaffolds were attached to the
ﬂexible membranes of 6-well plates (Flexcell Int.,
Hillsborough, NC) at the outer 5 mm. After 1 week of
culture under these constrained conditions, the engi-
neered tissues were split into two groups (Fig. 1). One
group (n = 6) served as constrained control, whereas
the other group (n = 6) was subjected to intermittent
uniaxial dynamic straining (4%, 3 h on/off, 1 Hz)
using a modiﬁed version of a Flexercell FX-4000T
straining device
5 (Flexcell Int., Hillsborough, NC).
After 2, 3, and 4 weeks of culture the collagen ﬁber
orientation was visualized.
Visualization of Collagen Orientation
To visualize the collagen ﬁber orientation, samples
were labeled by 15 lM Cell Tracker Blue CMAC
5 mm 5 mm 25 mm
(a)
(b)
Constrained 
area
Cell-seeded 
scaffold
d1
+90°
-90°
d2
5 mm
FIGURE 1. Top view of rectangular engineered constructs.
The strips were longitudinally constrained at the outer 5 mm
at both ends using silicone glue. Samples were either con-
strained (a) or intermittently loaded (b) in longitudinal direc-
tion (d1). Direction d2 represents the direction perpendicular
to the long axis. Positive (+90) and negative (290) directions
of d2 are indicated.
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CNA35-OG488 as speciﬁc vital ﬂuorescent markers for
cell cytoplasm and collagen,
26 respectively. CTB and
CNA35-OG488 are excitable with multiphoton
microscopy and exhibit broad spectra at 466 nm and
520 nm, respectively. An inverted Zeiss Axiovert 200
microscope (Carl Zeiss, Germany) coupled to an LSM
510 Meta (Carl Zeiss, Germany) laser scanning
microscope was used to visualize cell and collagen
organization. A chameleon ultra 140 fs pulsed
Ti-Sapphire laser (Coherent, Santa Clara, CA) was
tuned to 760 nm and two photomultiplier tube (PMT)
detectors were deﬁned as 435–485 nm for CTB and
500–530 nm for CNA-OG488. Two samples per group
were scanned at three different locations: (1) the center
point of the tissue, (2) 5 mm left to the center point, and
(3) 5 mm right to the center point. At each location a
stack of image slices was obtained. The thickness of one
image slice was 1 lm and the maximum thickness of the
stack was 100 lm. Separate images were obtained from
each PMT and combined into single images.
Quantiﬁcation of Collagen Orientation
The collagen ﬁber orientations were determined by
analyzing the individual images of each image stack as
described by Daniels et al.
11 In brief, coherence-
enhancing diffusion (CED) was applied for denoising
to improve the quality of structures in the image
without destroying the boundaries of the ﬁbers.
44
Using CED, smoothing occurs along, but not per-
pendicular, to the preferred orientation of the struc-
tures in the image. Subsequently, the local orientations
of all collagen ﬁbers were determined by calculating
the principal curvature directions from the eigenvalues
and the eigenvectors of the Hessian matrix (second
order structure).
40 As ﬁbers appear at different widths,
the second order derivatives were determined at a scale
adaptive to the local width of the ﬁber. The optimal
scale was determined with a contextual conﬁdence
measure.
31 At each location a stack of (in-plane) ori-
entation histograms was obtained, representing the
statistical distribution of local orientations in each
image. To calculate the mean ﬁber angle and the dis-
persity of the distributions, circular statistics were
required due to the periodicity of the ﬁber distribu-
tions.
23,41,48 Circular statistics handle periodic data by
representing each angle as a unit vector oriented at that
angle. To calculate the mean angle, the individual unit
vectors are decomposed into vector components on
which statistical operations, such as averaging, are
permitted (Fig. 2). Histograms of collagen orientations
were obtained from each multiphoton image, and of
each the mean vector was calculated, representing a
mean angle a and a mean vector length r. The mean
vector length represents a measure for the dispersity of
the ﬁber orientations. A vector length of 1 indicates no
variation in ﬁber orientations (i.e., all ﬁbers perfectly
aligned) while a vector length of 0 indicates a random
distribution of ﬁber orientations. Courses of mean
angles and vector lengths as a function of tissue depth
were obtained per image location. To generalize the
results, the vector components at each depth were
averaged over all samples per loading condition per
time point. Subsequently, averaged courses of mean
angles and vector lengths were obtained. It should be
noted that when the dispersity of the collagen orien-
tation distribution is large, the distribution becomes
essentially random. This diminishes the meaning of the
value of the mean angle. Hence, for clarity, orientation
angels were not shown when mean vector lengths were
consistently lower than 0.2.
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FIGURE 2. Example of circular statistics. A circular distribution is represented in a histogram (a) and depicted as unit vectors
with corresponding angles of 30 and 60 degrees in a unit circle (b). The mean vector (dashed line) is calculated by averaging the
decomposed sine and cosine vector components of the individual vectors. a represents the mean angle and r the length of the
mean vector. A vector length of 1 indicates no variation in ﬁber orientations, while a vector length of 0 indicates a random
orientation of ﬁber orientations.
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Statistics were performed to determine the eﬀect of
mechanical loading on the alignment of the collagen
ﬁbers, as described previously.
41 In short, alignment in
the longitudinal (d1) direction was tested for signiﬁ-
cance at each imaging depth in each set of samples per
time point and loading condition by performing one-
sample t-tests against a reference value of 0 on the
cosine components of the mean vectors. A p-value
lower than 0.05 was considered statistically signiﬁcant.
RESULTS
Quantiﬁcation Algorithm
A representative example of the application of the
orientation algorithm is shown in Fig. 3. In brief, to
each multiphoton image of cells and collagen ﬁbers
(Fig. 3a), coherence enhanced diffusion is applied.
This enhances the collagen ﬁber structures (Fig. 3b).
Next, the principle curvature directions are calculated
per pixel (Fig. 3c). Subsequently, the orientation
analysis program generates a histogram of the orien-
tations (Fig. 3d), from which the mean angle and
vector length are calculated using circular statistics.
Spatial Organization of Collagen Fibers
Representative pictures of constrained and inter-
mittently strained samples at 15 and 50 lm depth after
2 weeks of culture are depicted in Fig. 4. Collagen
ﬁbers were more randomly distributed in the con-
strained samples (Figs. 4a and 4b), as compared to the
intermittently strained samples (Figs. 4c and 4d), as is
depicted in the corresponding histograms. No pre-
ferred orientations were found in the constrained
samples (r = 0.13 at 15 lm and r = 0.03 at 50 lm),
whereas intermittent loading resulted in ﬁber distri-
butions with more distinct ﬁber orientations (r = 0.42
at 15 lma n dr = 0.37 at 50 lm). The courses of the
angle and vector length as a function of depth of the
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FIGURE 3. Different steps of the orientation analysis. On the multiphoton image (a) coherence enhanced diffusion is applied (b).
Using the Hessian matrix the principal curvature directions are calculated (c) which results in a histogram of orientations (d). Scale
bar represents 50 lm.
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FIGURE 4. Representative multiphoton images of cells (blue) and collagen (green) organization in constrained (a, b) and inter-
mittently strained (c, d) samples after 2 weeks at 15 (a, c) and 50 lm (b, d) imaging depths with the corresponding histograms of
collagen orientations at 15 and 50 lm depth. Straining direction was from left to right. Scale bars represent 50 lm.
Quantiﬁcation of Collagen Orientation 1267same samples are shown in Fig. 5. No alignment was
observed in the constrained samples (Fig. 5a), except
for the ﬁrst few slices. On the contrary, higher values of
the vector length were found throughout the imaging
stack of the intermittently strained samples (Fig. 5b),
indicating a higher degree of alignment. Interestingly,
the orientation of the collagen ﬁbers in the intermit-
tently strained samples shifted from an almost per-
pendicular orientation at the surface to an orientation
into the direction of straining deeper into the tissues.
Temporal Evolution of Collagen Fiber Orientation
Figure 6 shows representative pictures of con-
strained and intermittently strained samples at an
imaging depth of 50 lm after 2, 3, and 4 weeks of
culture. Cells and collagen ﬁbers were randomly dis-
tributed in the constrained samples after 2 (Fig. 6a)
and 3 (Fig. 6b) weeks of culture. After 4 weeks, some
alignment of the collagen ﬁbers in the constrained
direction was observed (Fig. 6c), comparable to the
alignment which was present after 2 weeks in the
intermittently strained samples (Fig. 6d). Collagen and
cellular alignment in the direction of straining was also
observed after 3 (Fig. 6e) and 4 (Fig. 6f) weeks of
culture.
Spatio-temporal Evolution of Collagen Fiber
Orientation
The quantiﬁed collagen ﬁber orientations were
averaged using circular statistics for all imaging depths
per loading condition per time point. The courses of the
resulting orientation angles and vector lengths (as a
measure for dispersity) as a function of the imaging
depth are depicted in Fig. 7. Low values for the vector
length (<0.2) were found in the constrained samples
after 2 and 3 weeks, except for the ﬁrst few slices, indi-
cating a random orientation of the collagen ﬁbers
(Fig. 7a).Interestingly,after4 weeks,thevectorlengths
became higher (>0.2) and a change in orientation from
70 degrees at the surface to an orientation along the
longitudinalsampledirection(d1)indeepertissuelayers
was found. Signiﬁcant alignment (p<0.05) in the d1
direction was found at imaging depths ranging from 35
to 40 lm. Similar courses of orientation angles were
found in the intermittently strained samples for all time
points (Fig. 7b). Here, the orientation of the collagen
ﬁbers shifted from an oblique orientation (70–80
degrees) at the surface to a parallel orientation along d1
at 50 lm deeper in the samples. The lowest and most
stable dispersities were found in the intermittently loa-
ded samples after 4 weeks of culture. Signiﬁcant align-
ment (p<0.05) in the direction of straining was found
at an imaging depth of 30 lm and deeper.
DISCUSSION
Mimicking native biomechanical behavior is a ma-
jor challenge when tissue engineering cardiovascular
substitutes. The anisotropic mechanical behavior of
these load-bearing tissues depends on the tissue’s
architecture and its collagen ﬁber organization in
particular. To optimize collagen organization and
alignment, and hence improve the mechanical
properties of engineered tissues, in vitro mechanical
conditioning strategies are crucial. Although the
importance of collagen orientation in the determina-
tion of anisotropic mechanical properties has been
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FIGURE 5. Courses of the orientation angle and vector length as a function of the imaging depth for constrained (a) and inter-
mittently strained (b) samples after 2 weeks of culture. These ﬁgures correspond to the samples of which 2 images are depicted in
Fig. 4. Note that the meaning of the mean angle diminishes for low mean vector lengths. Therefore, when the mean vector length is
consistently lower than 0.2, the orientation angle is shown by a dashed line.
RUBBENS et al. 1268widely recognized, the effect of mechanical condition-
ing on the temporal development of 3D collagen ﬁber
orientation has not yet been quantiﬁed in engineered
tissues. In this study a new method to quantify colla-
gen orientation was used to investigate the temporal
effects of intermittent dynamic straining on the colla-
gen orientation in engineered cardiovascular tissues.
The collagen ﬁbers were stained with a vital collagen
speciﬁc probe and visualized with multiphoton laser
scanning microscopy to obtain detailed images of the
FIGURE 6. Representative multiphoton images of cells (blue) and collagen ﬁbers (green) in constrained (a–c) and intermittently
strained (d–f) samples at a imaging depth of 50 lm after 2 (a, d), 3 (b, e), and 4 (c, f) weeks of culture. Straining direction was from
left to right. Alignment of cells and collagen ﬁbers developed in time and was enhanced by intermittent straining. Scale bars
represent 50 lm.
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FIGURE 7. Orientation angle (a) and vector lengths (r) as a function of the penetration depth into the tissue for constrained (a)
and intermittently loaded (b) samples after 2, 3, and 4 weeks (w) of culture. For clarity, orientation angles at low mean length
vectors (<0.2) are not shown. In the constrained samples, alignment of the ﬁbers and a shift in orientation were obtained after
4 weeks of culture. Similar results were found in the intermittently strained samples at all time points.
Quantiﬁcation of Collagen Orientation 1269collagen structure as a function of depth within the
tissue. Due to the penetration depth of the laser,
however, this technique is limited to the top 100 lmo f
the tissue. Multiphoton microscopy produces large
three-dimensional datasets. Due to the size, and the
complexity of the collagen network an automated
method for the observation and extraction of quanti-
tative orientation information provides a faster, more
objective and more accurate way to analyze the data
compared to analysis by hand. Wu et al.
46,47 previously
designed an automated analysis algorithm to extract
quantitative structural information of collagen in bo-
vine collagen gels. Collagen ﬁbers were visualized using
confocal laser scanning microscopy and the orienta-
tion, length, and diameter of individual ﬁbers were
quantiﬁed. In contrast to those datasets, the multi-
photon images generated in the present study contain
complex collagen networks, making it unfeasible to
extract and analyze single ﬁbers. Therefore, similar to
other studies,
14,23,24 the orientation analysis was based
on the spatial context of the images using methods
from differential geometry, based on an eigen-analysis
of the second order Hessian matrix. The principal
curvatures, calculated at multiple scales, are used in
adaptive denoising of the datasets and turned out to be
robust measures for the local ﬁber shape and orienta-
tion.
11,40
Subsequently, this collagen ﬁber quantiﬁcation
method was used to study the eﬀect of intermittent
dynamic straining on temporal variations in collagen
orientation in engineered cardiovascular tissues. It has
been demonstrated that factors, such as tissue com-
paction, contact guidance, and aspect ratio of the
scaﬀold may inﬂuence collagen orientation.
8,15,29,36
Since these factors were assumed to be identical in both
strained and constrained samples, their interference
with the effect of mechanical conditioning is consid-
ered to be minimized.
In the constrained samples, a random organization
of cells and collagen ﬁbers was observed after 2 and
3 weeks of culture. However, after 4 weeks, con-
straining led to alignment of the collagen ﬁbers in the
constrained direction. This can be explained by the
generation of internal strains in this direction due to
tissue compaction.
29 Interestingly, in the intermittent
dynamically strained samples, collagen alignment was
already present after 2 weeks of culture and continued
to improve up to 4 weeks. By this time, the lowest and
most stable ﬁber dispersities were seen, indicating a
highly aligned collagen structure. Signiﬁcant alignment
(p<0.05) in the straining direction was found at an
imaging depth of 30 lm and deeper. Thus, intermittent
dynamic loading can be used to accelerate and improve
anisotropic collagen organization in engineered tissue,
thereby reducing tissue culture times.
It is likely that the improved alignment of collagen
will result in improved (anisotropic) mechanical
properties. In a parallel experiment with similar culture
and conditioning regimes, it was shown that the
mechanical properties in the straining direction (d1) of
intermittently strained samples were indeed higher as
compared to constrained samples.
35 Scaffolds of dif-
ferent geometries would be required to study the effect
of uniaxial straining on the mechanical properties in
different directions. Furthermore, using square or cir-
cular scaffold geometries, the developed quantiﬁcation
method could be used to study the inﬂuence of biaxial
loading protocols that closely resemble the in vivo
environment of cardiovascular tissues.
In addition to the assessment of temporal develop-
ment, collagen orientation was quantiﬁed as a function
of depth into the tissue. Analyses revealed a shift from
a perpendicular or an oblique orientation at the surface
to an orientation in the direction of straining deeper
into the tissue. The orientation of the cells was
observed to change in a similar way. This co-alignment
of cells and collagen ﬁbers corresponds to previous
ﬁndings, where it was demonstrated that collagen ori-
entation was reﬂected by cell orientation.
17,43 Inter-
estingly, the oblique or perpendicular orientation of
the cells in the superﬁcial layer of our tissue-engineered
constructs corresponds well to that observed for
monolayers of strained cells,
12,19,21,30 where cells ‘tend’
to ‘avoid’ strains. We therefore assume that the
superﬁcial cells in our 3D tissues behave like a mono-
layer or cell coverage on top of the construct. Similar
to monolayers, relatively low amounts of collagen are
present in this superﬁcial layer, which might explain
the comparable orientation results. On the contrary,
cells entrapped in three-dimensional environments are
known to align to the strain direction.
13,18,37 This
corresponds to the orientation of cells below the sur-
face layer, where a three-dimensional collagen network
collagen is present. Regarding the collagen ﬁbers below
the top 100 lm that was analyzed, we hypothesize that
the collagen ﬁbers are mainly aligned in the longitu-
dinal direction due to constraining and dynamic
straining in this direction, providing the presence of
sufﬁcient oxygen and nutrients for cellular survival and
collagen synthesis.
In conclusion, a novel method to quantify collagen
orientations in tissues was applied to quantify the eﬀect
of intermittent straining over time in engineered car-
diovascular tissues. Intermittent loading resulted in
improved collagen alignment in the direction of
straining in shorter culture periods, compared to static,
constrained loading. Both the method and the results
are important to create and monitor load-bearing tis-
sue-engineered substitutes with an organized aniso-
tropic collagen network.
RUBBENS et al. 1270ACKNOWLEDGMENTS
The authors wish to thank Florie Daniels for
developing the orientation analysis software. This
research is supported by the Dutch Technology
Foundation (STW), applied science division of NWO
and the Technology Program of the Dutch Ministry of
Economic Aﬀairs (efb. 6233).
OPEN ACCESS
This article is distributed under the terms of the
Creative Commons Attribution Noncommercial
License which permits any noncommercial use, distri-
bution, and reproduction in any medium, provided the
original author(s) and source are credited.
REFERENCES
1Asanuma, K., R. Magid, C. Johnson, R. M. Nerem, and
Z. S. Galis. Uniaxial strain upregulates matrix-degrading
enzymes produced by human vascular smooth muscle cells.
Am. J. Physiol. Heart Circ. Physiol. 284:H1778–H1784,
2003.
2Barkhausen, T., M. van Griensven, J. Zeichen, and
U. Bosch. Modulation of cell functions of human tendon
ﬁbroblasts by different repetitive cyclic mechanical stress
patterns. Exp. Toxicol. Pathol. 55:153–158, 2003. doi:
10.1078/0940-2993-00302.
3Bishop, J. E., and G. Lindahl. Regulation of cardiovas-
cular collagen synthesis by mechanical load. Cardiovasc.
Res. 42:27–44, 1999. doi:10.1016/S0008-6363(99)00021-8.
4Boerboom, R. A., M. P. Rubbens, N. J. Driessen, R. A.
Bank, C. V. Bouten, and F. P. Baaijens. Continuous versus
intermittent loading of engineered cardiovascular con-
structs. PhD thesis, Eindhoven University of Technology,
2007.
5Boerboom, R. A., M. P. Rubbens, N. J. Driessen, C. V.
Bouten, and F. P. Baaijens. Effect of strain magnitude on
the tissue properties of engineered cardiovascular con-
structs. Ann. Biomed. Eng. 36:244–253, 2008. doi:10.1007/
s10439-007-9413-8.
6Butt, R. P., and J. E. Bishop. Mechanical load enhances
the stimulatory effect of serum growth factors on cardiac
ﬁbroblast procollagen synthesis. J. Mol. Cell Cardiol.
29:1141–1151, 1997. doi:10.1006/jmcc.1996.0347.
7Chowdhury, T. T., D. L. Bader, J. C. Shelton, and D. A.
Lee. Temporal regulation of chondrocyte metabolism in
agarose constructs subjected to dynamic compression.
Arch. Biochem. Biophys. 417:105–111, 2003. doi:10.1016/
S0003-9861(03)00340-0.
8Costa, K. D., E. J. Lee, and J. W. Holmes. Creating
alignment and anisotropy in engineered heart tissue: role of
boundary conditions in a model three-dimensional culture
system. Tissue Eng. 9:567–577, 2003. doi:10.1089/1076327
03768247278.
9Cox, M. A., N. J. Driessen, R. A. Boerboom, C. V.
Bouten, and F. P. Baaijens. Mechanical characterization of
anisotropic planar biological soft tissues using ﬁnite
indentation: experimental feasibility. J. Biomech. 41:422–
429, 2008.
10Cox, M. A., N. J. Driessen, C. V. Bouten, and F. P.
Baaijens. Mechanical characterization of anisotropic pla-
nar biological soft tissues using large indentation: a com-
putational feasibility study. J. Biomech. Eng. 128:428–436,
2006. doi:10.1115/1.2187040.
11Daniels, F., B. M. Ter Haar Romeny, M. P. Rubbens, and
H. van Assen. Quantiﬁcation of collagen orientation in 3D
engineered tissue. In: IFMBE Proceedings, 3rd Kuala
Lumpur International Conference on Biomedical Engi-
neering 2006, Vol. 15, pp. 282–285, 2006.
12Dartsch, P. C., and H. Hammerle. Orientation response of
arterial smooth muscle cells to mechanical stimulation. Eur.
J. Cell Biol. 41:339–346, 1986.
13Eastwood, M., V. C. Mudera, D. A. McGrouther, and
R. A. Brown. Effect of precise mechanical loading on ﬁbro-
blast populated collagen lattices: morphological changes.
Cell Motil. Cytoskeleton 40:13–21, 1998. doi:10.1002/
(SICI)1097-0169(1998)40:1<13::AID-CM2>3.0.CO;2-G.
14Elbischger, P. J., H. Bischof, P. Regitnig, and G. A. Hol-
zapfel. Automatic analysis of collagen ﬁber orientation in
the outermost layer of human arteries. Pattern Anal. Appl.
7:269–284, 2004.
15Engelmayr, G. C. J., G. D. Papworth, S. C. Watkins, J. E.
J. Mayer, and M. S. Sacks. Guidance of engineered tissue
collagen orientation by large-scale scaffold microstructures.
J. Biomech. 39:1819–1831, 2006.
16Engelmayr, G. C., Jr., E. Rabkin, F. W. Sutherland, F. J.
Schoen, J. E. Mayer, Jr., and M. S. Sacks. The independent
role of cyclic ﬂexure in the early in vitro development of an
engineered heart valve tissue. Biomaterials 26:175–187,
2005. doi:10.1016/j.biomaterials.2004.02.035.
17Glass-Brudzinski, J., D. Perizzolo, and D. M. Brunette.
Effects of substratum surface topography on the organi-
zation of cells and collagen ﬁbers in collagen gel cultures.
J. Biomed. Mater. Res. 61:608–618, 2002. doi:10.1002/
jbm.10243.
18Grenier, G., M. Remy-Zolghadri, D. Larouche, R. Gauvin,
K. Baker, F. Bergeron, D. Dupuis, E. Langelier, D.
Rancourt, F. A. Auger, and L. Germain. Tissue reorgani-
zation in response to mechanical load increases functional-
ity.TissueEng.11:90–100,2005.doi:10.1089/ten.2005.11.90.
19Hamilton, D. W., T. M. Maul, and D. A. Vorp. Charac-
terization of the response of bone marrow-derived pro-
genitor cells to cyclic strain: implications for vascular
tissue-engineering applications. Tissue Eng. 10:361–369,
2004. doi:10.1089/107632704323061726.
20Hoerstrup, S. P., R. Sodian, S. Daebritz, J. Wang, E. A.
Bacha, D. P. Martin, A. M. Moran, K. J. Guleserian, J. S.
Sperling, S. Kaushal, J. P. Vacanti, F. J. Schoen, and J. E.
Mayer, Jr. Functional living trileaﬂet heart valves grown
in vitro. Circulation 102:III44–III49, 2000.
21Iba, T., and B. E. Sumpio. Morphological response of
human endothelial cells subjected to cyclic strain in vitro.
Microvasc. Res. 42:245–254, 1991. doi:10.1016/0026-2862
(91)90059-K.
22Isenberg, B. C., and R. T. Tranquillo. Long-term cyclic
distention enhances the mechanical properties of collagen-
based media-equivalents. Ann. Biomed. Eng. 31:937–949,
2003. doi:10.1114/1.1590662.
23Karlon, W. J., J. W. Covell, A. D. McCulloch, J. J. Hunter,
and J. H. Omens. Automated measurement of myoﬁber
disarray in transgenic mice with ventricular expression of
Quantiﬁcation of Collagen Orientation 1271ras. Anat. Rec. 252:612–625, 1998. doi:10.1002/(SICI)1097-
0185(199812)252:4<612::AID-AR12>3.0.CO;2-1.
24Karlon, W. J., P. P. Hsu, S. Li, S. Chien, A. D. McCulloch,
and J. H. Omens. Measurement of orientation and distri-
bution of cellular alignment and cytoskeletal organization.
Ann. Biomed. Eng. 27:712–720, 1999. doi:10.1114/1.226.
25Kostyuk, O., and R. A. Brown. Novel spectroscopic tech-
nique for in situ monitoring of collagen ﬁbril alignment in
gels. Biophys. J. 87:648–655, 2004. doi:10.1529/biophysj.
103.038976.
26Krahn, K. N., C. V. C. Bouten, S. van Tuijl, M. A. M. J.
van Zandvoort, and M. Merkx. Fluorescently labeled col-
lagen binding proteins allow speciﬁc visualization of col-
lagen in tissues and live cell culture. Anal. Biochem.
350:177–185, 2006. doi:10.1016/j.ab.2006.01.013.
27Mol, A., C. V. Bouten, G. Zund, C. I. Gunter, J. F.
Visjager, M. I. Turina, F. P. Baaijens, and S. P. Hoerstrup.
The relevance of large strains in functional tissue engi-
neering of heart valves. Thorac. Cardiovasc. Surg. 51:78–83,
2003. doi:10.1055/s-2003-38993.
28Mol, A., M. C. Rutten, N. J. Driessen, C. V. Bouten,
G. Zund, F. P. Baaijens, and S. P. Hoerstrup. Autologous
humantissue-engineeredheartvalves:prospectsforsystemic
application. Circulation 114:I152–I158, 2006. doi:10.1161/
CIRCULATIONAHA.105.001123.
29Neidert, M. R., and R. T. Tranquillo. Tissue-engineered
valves with commissural alignment. Tissue Eng. 12:891–
903, 2006. doi:10.1089/ten.2006.12.891.
30Neidlinger-Wilke, C., E. S. Grood, R. A. Brand, and
L. Claes. Cell alignment is induced by cyclic changes in cell
length: studies of cells grown in cyclically stretched sub-
strates. J. Orthop. Res. 19:286–293, 2001. doi:10.1016/
S0736-0266(00)00029-2.
31Niessen, W. J., A. M. Lo ´ pez, W. J. Van Enk, P. M. van
Roermund, B. M. Ter Haar Romeny, and M. A. Viergever.
In vivo analysis of trabecular bone architecture. Lect. Notes
Comput. Sci. 1230:435–440, 1997.
32Niklason, L. E., J. Gao, W. M. Abbott, K. K. Hirschi,
S. Houser, R. Marini, and R. Langer. Functional arteries
grown in vitro. Science 284:489–493, 1999. doi:10.1126/
science.284.5413.489.
33O’Callaghan, C. J., and B. Williams. The regulation of
human vascular smooth muscle extracellular matrix protein
production by alpha- and beta-adrenoceptor stimulation.
J. Hypertens. 20:287–294, 2002. doi:10.1097/00004872-
200202000-00019.
34Robling, A. G., F. M. Hinant, D. B. Burr, and C. H.
Turner. Improved bone structure and strength after long-
term mechanical loading is greatest if loading is separated
into short bouts. J. Bone Miner. Res. 17:1545–1554, 2002.
doi:10.1359/jbmr.2002.17.8.1545.
35Rubbens, M. P., A. Mol, R. A. Boerboom, R. A. Bank,
F. P. Baaijens, and C. V. Bouten. Intermittent straining
accelerates the development of tissue properties in engi-
neered heart valve tissue. Tissue Eng. Part A 15:999–1008,
2009.
36Sawhney, R. K., and J. Howard. Slow local movements of
collagen ﬁbers by ﬁbroblasts drive the rapid global self-
organization of collagen gels. J. Cell Biol. 157:1083–1091,
2002. doi:10.1083/jcb.200203069.
37Seliktar, D., R. A. Black, R. P. Vito, and R. M. Nerem.
Dynamic mechanical conditioning of collagen-gel blood
vessel constructs induces remodeling in vitro. Ann. Biomed.
Eng. 28:351–362, 2000. doi:10.1114/1.275.
38Seliktar, D., R. M. Nerem, and Z. S. Galis. The role of
matrix metalloproteinase-2 in the remodeling of cell-seeded
vascular constructs subjected to cyclic strain. Ann. Biomed.
Eng. 29:923–934, 2001. doi:10.1114/1.1415522.
39Seliktar, D., R. M. Nerem, and Z. S. Galis. Mechanical
strain-stimulated remodeling of tissue-engineered blood
vessel constructs. Tissue Eng. 9:657–666, 2003. doi:10.1089/
107632703768247359.
40Ter Haar Romeny, B. M. Front-end vision and multi-scale
image analysis. In: Series on Computational Imaging and
Vision. Springer Verlag, 2003.
41Thomopoulos, S., G. M. Fomovsky, and J. W. Holmes.
The development of structural and mechanical anisotropy
in ﬁbroblast populated collagen gels. J. Biomech. Eng.
127:742–750, 2005. doi:10.1115/1.1992525.
42Tower, T. T., and R. T. Tranquillo. Alignment maps of
tissues: I. Microscopic elliptical polarimetry. Biophys. J.
81:2954–2963, 2001. doi:10.1016/S0006-3495(01)75935-8.
43Wang, J. H. C., F. Jia, T. W. Gilbert, and S. L. Y. Woo.
Cell orientation determines the alignment of cell-produced
collagenous matrix. J. Biomech. 36:97–102, 2003. doi:
10.1016/S0021-9290(02)00233-6.
44Weickert, J. Coherence-enhancing diffusion ﬁltering. Int. J.
Comp. Vision 31:111–127, 1999. doi:10.1023/A:100800971
4131.
45Winter, L. C., X. F. Walboomers, J. D. Bumgardner, and
J. A. Jansen. Intermittent versus continuous stretching
effects on osteoblast-like cells in vitro. J. Biomed. Mater.
Res. A 67:1269–1275, 2003. doi:10.1002/jbm.a.20028.
46Wu, J., B. Rajwa, D. L. Filmer, C. M. Hoffmann, B. Yuan,
C. S. Chiang, J. Sturgis, and J. P. Robinson. Analysis of
orientations of collagen ﬁbers by novel ﬁber-tracking
software. Microsc. Microanal. 9:574–580, 2003.
47Wu, J., B. Rajwa, D. L. Filmer, C. M. Hoffmann, B. Yuan,
C. Chiang, J. Sturgis, and J. P. Robinson. Automated
quantiﬁcation and reconstruction of collagen matrix from
3D confocal datasets. J. Microsc. 210:158–165, 2003.
doi:10.1046/j.1365-2818.2003.01191.x.
48Zar, J. H. Biostatistical Analysis, 4th edn. Prentice-Hall,
Inc., 592 pp, 1999.
RUBBENS et al. 1272